Abstract -This study assessed the effectiveness of a mutant strain of Toxoplasma gondii (RH strain) lacking the mic1 and mic3 genes (Mic1-3KO) against Toxoplasma abortion in sheep. Ewes were inoculated subcutaneously with 10 5 Mic1-3KO tachyzoïtes in three independent experiments. Following vaccination, Mic1-3KO induced a mild febrile response and serum IgG antibodies, which persisted throughout the experiments. Tissue cysts formed in the sheep, but were not, under our experimental conditions, infectious when given orally. Ewes were mated two months after vaccination and were orally challenged with the PRU strain of T. gondii at mid-gestation (400 oocysts in Experiments 1 and 2; 100 oocysts in Experiment 3). Challenge of vaccinated pregnant ewes resulted in a slight febrile response, whereas unvaccinated ewes developed a more severe, characteristic febrile response of longer duration. After challenge, all unvaccinated ewes aborted whereas 62%, 91% and 64% (Experiments 1, 2 and 3 respectively) of the lambs from vaccinated ewes were viable, with no clinical signs of infection. Mic1-3KO was as effective as S48, the strain used as a live vaccine for sheep (Toxovax Ò ). A dose of 10 5 Mic1-3KO tachyzoites was sufficient to induce protection (versus a dose of 2 · 10 6 ). Both subcutaneous and intraperitoneal injections were effective. Moreover, preliminary results showed the potential of Mic1-3KO to reduce the development of tissue cysts in lambs born to vaccinated ewes. This study demonstrates that Mic1-3KO is a potent vaccine candidate.
INTRODUCTION
Toxoplasmosis is a cosmopolitan zoonotic disease caused by the coccidian protozoan Toxoplasma gondii, an obligatory intracellular parasite. T. gondii is capable of infecting all warm-blooded animals including humans [17] .
Toxoplasmosis in animals is of great economic importance worldwide because it causes abortions and stillbirths, especially in sheep and goats [7, 8] . The most recent surveys on seroprevalence in sheep were conducted in Brazil (29.41%), southern Italy (49.9%, 28.5%) and Lithuania (42.1%) [10, 20, 37, 38] . The differences observed may be due to the frequency of felines on farms, climatic variations and age of animals.
Following infection, sheep develop a protective Th1-type cell mediated immunity [23] and will not normally abort due to toxoplasmosis in future pregnancies [5, 29, 35] . This suggests that a strategy based on vaccination should be successful. A vaccine would also reduce or prevent formation of T. gondii tissue cysts, a source of contamination for humans, since sheep are animals used for food [11, 28] .
A vaccine based on live S48 Toxoplasma tachyzoites is available (Ovilis Toxovax Ò , Intervet, Angers, France) and protects pregnant sheep against toxoplasmosis [6] . In ewes, 72 to 80% of lambs resulting from mothers vaccinated with Ovilis Toxovax Ò are viable versus 18% for lambs from unvaccinated sheep [3] . S48 is a type I strain [18] , which is very virulent in mice [18, 24] , but has lost the ability to form tissue cysts in intermediate hosts and oocysts in cats [1] . One strategy for developing safer vaccines against toxoplasmosis is to create specific gene-deficient strains of T. gondii. Genetic deletions in these strains may prevent virulence reversion in contrast to naturally attenuated strains.
The RH strain of T. gondii (type I) is very virulent in mice but has lost the ability to form oocysts in cats [12] . Cérède et al. [9] constructed a mutant strain of T. gondii RH lacking the mic1 and mic3 genes (Mic1-3KO). Disruption of these two genes impairs virulence in mice [9] . We showed that the Mic1-3KO strain confers protection against chronic and congenital toxoplasmosis in mice [27] . We aimed at demonstrating the efficacy of the Mic 1-3 Knockout Toxoplasma gondii in preventing abortion in sheep.
Most infections in sheep occur after birth and are associated with contamination of the environment with Toxoplasma oocysts derived from cat faeces [8, 14] . The predominant lineage of T. gondii strains isolated from sheep is currently type II [13, 15, 34] . These findings justify both the choice of oocysts and the type II strain to evaluate the efficacy of Mic1-3KO against abortion in sheep after challenge based on the natural route of infection.
MATERIALS AND METHODS

Animals
Thirty-six Bizet ewes aged 12 to 14 months, 54 Romanov ewes aged 12 to 14 months and 33 Solognot ewes aged 12 to 14 months, shown to be seronegative for IgG antibodies to T. gondii by ELISA were housed in the animal facilities at INRA (Experimental Infectiology Unit, Nouzilly, France). All animal experiments undertaken were authorised by the Direction Départementale des Services Vétérinaires (accreditation number: A37805 N°37056).
Parasites
Mic1-3KO tachyzoites (patent: WO2005/072754) were obtained by targeted gene disruption of the mic1 and mic3 genes in the DHX RH strain of T. gondii [9] . Tachyzoites of the live incomplete S48 strain are sold as a live vaccine for sheep and goats (Ovilis Toxovax Ò ). Mic1-3KO tachyzoites and S48 tachyzoites (donated by J.F. Dubremetz, UMR5235, CNRS, Université de Montpellier 2, France) were grown in human foreskin fibroblast cells (HFF) at 37°C in Dulbecco's Modified Eagle's Medium (DMEM) with 4 mM L-glutamine supplemented with 10% fetal bovine serum (FBS) and 50 U/mL penicillin/50 lg/ mL streptomycin (all Invitrogen, Cergy Pontoise, France), in a 5% CO 2 atmosphere. The culture medium was replaced by serum-free DMEM 24 h before harvesting the extra cellular tachyzoites. The appropriate parasite concentration was obtained before inoculation by addition of DMEM to a volume of 1 mL.
RH strain tachyzoites were harvested from the peritoneal fluids of Swiss OF1 mice that had been intraperitoneally infected 3 to 4 days earlier. These were used to prepare the T. gondii antigen (TAg) as previously described [36] .
Sporulated T. gondii oocysts of the PRU strain (type II strain, donated by M.L. Dardé, Laboratoire de Parasitologie-Mycologie; CHRU Dupuytren; Limoges, France) were obtained from the faeces of experimentally infected cats.
Experimental design
Protection against abortion
Three experiments were performed. Ewes were vaccinated subcutaneously by single injection in the All animals in Experiments 1 and 2 were infected per-os with 400 sporulated oocysts of PRU strain at mid-gestation. In Experiment 3, ewes were infected per-os with 100 sporulated oocysts of PRU strain at mid-gestation.
Persistence of Mic1-3KO in the brain of vaccinated ewes
Romanov ewes were inoculated s.c. (n = 6) or i.p. (n = 5) with 10 5 Mic1-3KO tachyzoites and 6 ewes were infected per-os with 400 sporulated oocysts of PRU strain. Two months after infection, the ewes were killed and the presence of the parasite in the brain was determined by Percoll density-gradient centrifugation followed by direct microscopy.
Clinical observations
Rectal temperatures were recorded at intervals for all sheep after vaccination and challenge. All animals were monitored daily until lambing was completed.
Humoral response
Blood was taken from the jugular vein before vaccination and at intervals. Sera were tested for the presence of IgG antibodies against T. gondii by ELISA using T. gondii antigen as previously described [26] . The wells were coated with TAg at 10 lg/mL. Serum samples diluted to 1:100 were added to the wells. Bound antibodies were detected with a donkey anti-sheep IgG alkaline phosphatase conjugate (Sigma, St. Quentin Fallavier, France) diluted to 1:5 000. Experimental ewes before immunisation were used as a negative control. The mean absorbance of these serum samples + 2 standard deviations (S.D.) represented the cut off point for a positive reading.
Brain cyst load
Brain tissue was homogenised in 100 mL (lamb) or 200 mL (adult) of PBS, containing 100 U/mL penicillin and 100 lg/mL streptomycin, left overnight at 4°C, and then centrifuged in tubes of 50 mL capacity, for 15 min at 300 g. The sediments were washed with PBS and resuspended in 35 mL PBS and layered onto 5 mL of 0.9% NaCl/90% Percoll (Sigma). After centrifugation for 15 min at 500 g, the interfaces containing cysts were recovered. The upper phases were collected, washed with PBS and centrifuged for 5 min at 1 200 g. The resulting pellets were mixed with the interfaces containing cysts, washed again with PBS and centrifuged for 5 min at 1 200 g. The final pellet was resuspended in 5-7 mL PBS. The cysts were counted microscopically and the detection limit was 25 cysts per brain.
Statistical analysis
The Mann-Whitney U-test using GraphPad Instat 2.1 software was used to determine the significance of variations between groups.
RESULTS
Protective efficacy of Mic1-3KO (Exp. 1)
To assess the protective efficacy of the Mic1-3KO, Romanov ewes were immunised s.c. with 10 5 Mic1-3KO parasites or with 10 5 S48 tachyzoites [3] .
Clinical signs after vaccination of Romanov ewes
The groups of ewes vaccinated either with 10 5 Mic1-3KO tachyzoites or 10 5 S48 tachyzoites showed a fever that began on day 2 after vaccination ( responses were detected in control ewes. All vaccinated animals appeared normal and had no loss of appetite.
Humoral response after vaccination
Animals in the control group did not seroconvert to T. gondii during the course of the experiment (Fig. 1B) . Serum IgG antibodies to T. gondii were detected on day 27 following inoculation with either Mic1-3KO tachyzoites or S48 tachyzoites (p = 0.0004, p < 0.0001 respectively) and persisted throughout the experiment (day 150) with no significant differences between the two immunised groups.
Clinical signs after challenge with 400 oocysts of the PRU strain
The most severe temperature responses were observed in the control group (Fig. 1C) , reaching a peak on day 7 (41.4°C). Ewes vaccinated with 10 5 Mic1-3KO or S48 tachyzoites showed a fever that began on day 5 after challenge and lasted for 2 days before returning to normal by day 7. The maximum temperatures, 40.3°C and 39.9°C respectively, were not significantly different (p = 0.18).
Outcome of pregnancy after challenge at mid gestation
After challenge, all the ewes in the control group aborted their lambs with a mean gestation time of 98 days (Tab. I). Nine lambs were aborted before 105 days gestation (early abortion, less than 15 days after infection) and 2 lambs were aborted after 105 days gestation (late abortion Mic1-3KO or S48 tachyzoites prior to pregnancy were 143.4 and 146 days respectively. The mean gestation time was not significantly different between the two vaccinated groups but was longer than the mean gestation time of the control group (p < 0.0001). There was Table I . The number of viable and non-viable lambs born, and the mean gestation period for each group. In Experiments 1 and 2, ewes were infected per-os with 400 sporulated oocysts of PRU strain at mid-gestation. In Experiment 3, ewes were infected per-os with 100 sporulated oocysts of PRU strain at mid-gestation.
Groups
Number of ewes Following vaccination with 10 5 Mic1-3KO tachyzoites, a mild febrile response was observed on day 3 (Fig. 1A ). Ewes vaccinated with 2 · 10 6 Mic1-3KO tachyzoites showed a febrile response that began on day 2 and lasted for 1 day before returning to normal by day 4. The mean temperature reached a peak of 40.5°C for both groups. All animals appeared normal and had no loss of appetite.
Humoral response after vaccination
Animals in the control group did not seroconvert to T. gondii during the course of the experiment (Fig. 1B) . Serum IgG antibodies to T. gondii were detected on day 24 following inoculation with either 10 5 or 2 · 10 6
Mic1-3KO tachyzoites (p < 0.0001) and persisted throughout the experiment (day 134) with no significant difference between the two vaccinated groups.
Clinical signs after challenge with 400 oocysts of the PRU strain
The highest temperature responses were observed in the control group (Fig. 1C) Mic1-3KO tachyzoites developed a fever that began on day 4 after challenge and lasted for 1 day before returning to normal by day 7. For both groups, the mean temperature reached a peak of 41.2°C.
Outcome of pregnancy after challenge at mid gestation
All the ewes in the control group aborted their lambs after challenge, with a mean gestation time of 122 days (Tab. I). Six lambs were aborted before 105 days gestation (early abortion) and four lambs were aborted after 105 days gestation (late abortion). Ewes that received 10 5 Mic1-3KO tachyzoites produced 10 of 11 live lambs, one lamb was aborted after 105 days gestation (late abortion). Ewes that received 2 · 10 6 Mic1-3KO tachyzoites produced 10 of 14 live lambs with four aborted lambs after 105 days gestation (late abortion). There was no significant difference in the number of viable lambs per ewe between the two vaccinated groups (10 5 Mic1-3KO tachyzoites: 1.00 ± 0.471; 2 · 10 6 Mic1-3KO tachyzoites: 0.91 ± 0.83). The mean gestation times for ewes receiving 10 5 or 2 · 10 6 Mic1-3KO tachyzoites prior to pregnancy were 158 and 154 days respectively. These were not significantly different but they were greater than the mean gestation time of the control group (p < 0.0001). There was no difference in mean weight (p = 0.19) of viable lambs from ewes vaccinated with 10 5 Mic1-3KO tachyzoites (3410 ± 776 g) and viable lambs from the ewes vaccinated with 2 · 10 6 Mic1-3KO tachyzoites (2950 ± 535 g). The two vaccine doses were equally effective.
Evaluation of the infection rate of viable lambs (Exp. 3)
A lower challenge dose was used (100 oocysts instead of 400) to have viable lambs in the control group. Furthermore, two vaccination routes were used; Solognot ewes were vaccinated either s.c. or i.p. with 10 5 Mic1-3KO tachyzoites.
Clinical signs after vaccination of Solognot ewes
A mild febrile response was observed on day 3 ( Fig. 2A) i.p. developed a fever that began on day 4 after vaccination and reached a peak of 40.1°C on day 5 (40.1°C ± 0.813, p = 0.006, versus the control group) before returning to baseline levels by day 7. No febrile responses were detected in control ewes. All vaccinated animals appeared normal and had no loss of appetite.
Humoral response after vaccination
Animals in the control group did not seroconvert to T. gondii during the course of the experiment (Fig. 2B) . Serum IgG antibodies to T. gondii were detected on day 28 following either s.c. or i.p. inoculation with 10 5 Mic1-3KO tachyzoites (p < 0.0001 versus the control group) and persisted throughout the experiment (day 74). The mean serological response was lower following s.c. inoculation on days 28 and 55 than that following i.p. inoculation (p = 0.04 and p = 0.019, respectively).
Clinical signs after challenge
with 100 oocysts of the PRU strain
Vaccinated groups developed a fever that began on day 5 after challenge, with maximum temperatures on day 6 (Fig. 2C) , with no significant difference between the groups. For both vaccinated groups, temperatures returned to baseline levels on day 8 whereas the febrile response persisted until day 9 for the control group.
Outcome of pregnancy after challenge at mid gestation
The challenge dose was severe since it caused 100% fetal mortality in the control group (Tab. I). However, only one lamb was aborted before 105 days of gestation (early abortion) and the other nine lambs were aborted later (mean gestation period: 120 ± 19). Ewes that received s.c. 10
5 Mic1-3KO tachyzoites produced 7 of 11 viable lambs with four aborted lambs after 105 days gestation (late abortion). Ewes that were inoculated i.p. produced 11 of 12 viable lambs with one aborted lamb after 105 days gestation. There was no significant difference in the number of viable lambs per ewe (s.c. inoculation: 0.75 ± 0.834; i.p. inoculation: 1.38 ± 0.916) between the two vaccinated groups. Furthermore, no significant difference was observed in mean gestation period (s.c. inoculation: 137 ± 10; i.p. inoculation: 143 ± 6) or in lamb body weight (s.c. inoculation: 2884 ± 986 g; i.p. inoculation: 2845 ± 999 g).
Cyst load in brain tissue of lambs
No cysts were detected in the brain of 6 of 7 viable lambs born to ewes inoculated s.c. or in the brain of 11 of 11 viable lambs born to ewes inoculated i.p. This indicates that these lambs had < 25 cysts per brain. However, one viable lamb from ewes inoculated s.c. had 562 cysts. The number of cysts was analysed in 4 of 10 dead lambs produced in the control group and in 3 of 4 produced in the group inoculated s.c. Cysts were detected in the brains of 4 of 4 dead lambs from the control ewes (25, Like the wild type parasite (RH strain), Mic1-3KO is able to form tissue cysts in mice that are not, in our experimental conditions, infectious when given orally [30] . Following T. gondii infection, tissue cysts are readily found in sheep tissues, in particular in the brain and heart [16] . Ewes were inoculated s.c. (n = 6) or i.p. (n = 5) with 10 5 Mic1-3KO tachyzoites and six ewes were infected per-os with 400 sporulated oocysts of the PRU strain. The ewes were monitored for febrile and serological responses (data not shown). Two months after infection, the ewes were killed and microscopy was used to detect the parasite in the brain (Tab. II).
Tissue cysts were detected in all ewes infected with oocysts of the PRU strain (163 ± 127 cysts per brain), in 3 of 6 ewes vaccinated s.c. with Mic1-3KO (70 ± 31 per brain) and in 4 of 5 ewes vaccinated i.p. (52 ± 25). No cysts were detected in the brain of the other ewes, which indicates that these ewes had less than 25 cysts per brain.
DISCUSSION
We demonstrated that ewes vaccinated with the Mic 1-3 Knockout Toxoplasma gondii, developed protection against T. gondii abortion. To date, successful vaccination strategies have relied on using a live vaccination approach. This allows correct processing and presentation of the antigen to the sheep immune system. In three separate experiments, the Mic1-3KO tachyzoites readily infected seronegative sheep. A mild febrile reaction was observed following inoculation, a clinical sign consistent with infection of susceptible sheep with T. gondii [2, 4, 29] . Following s.c. injection of 10 5 S48 tachyzoites the febrile response was more severe and lasted longer. S48 is lethal for mice; very low doses [24] are fatal, whereas a high mortality rate is only observed with ! 10 6 Mic1-3KO parasites [30] . The Mic1-3KO parasites did not multiply at the site of injection after i.p. injection of mice, and the parasite burden in mouse tissues was less than that caused by the parental RH strain [30] . In sheep, after s.c. injection, S48 tachyzoites were shown to multiply locally, producing parasitemia and were not detected by bioassay 6 weeks after infection [1, 39] . As tissue cysts were detected in mice vaccinated with Mic1-3KO parasites [30] , we analysed the persistence of Mic1-3KO parasites two months after vaccination in the brain of vaccinated ewes. Tissue cysts were detected in 7 of 11 vaccinated ewes. Three positive (105, 60 and 83 cysts per brain) and one negative (less than 25 cysts per brain) concentrated brain homogenates from vaccinated ewes were bioassayed in mice together with one concentrated brain homogenate from a ewe infected with oocysts (70 cysts per brain). Half of each concentrated brain homogenate was injected into naive recipient mice by the i.p. route and the other half was given orally to other naïve mice (data not shown). All the mice inoculated i.p. or per-os with cysts from the ewe infected with oocysts became seropositive and cysts were detected in the brain. Cysts from 1 of 3 positive vaccinated ewes were infectious by the i.p. route (mice became seropositive and cysts were detected in their brain) but not by the oral route. All other mice were seronegative and brain cysts were not detected. The observation that mice inoculated i.p. with positive concentrated brain homogenates from vaccinated ewes did not all display positive serology was probably attributable to the lower pathogenicity rather than the low cyst frequency. We found that Mic1-3KO cysts from vaccinated ewes as well as those from vaccinated mice [30] were not infectious by the oral route. The lower pathogenicity but also the low number of cysts may explain the lack of infectivity by the oral route [30] . Further studies are needed to clarify these points.
The parental RH strain has lost the ability to form oocysts in cats [12] , however in order to make Mic1-3KO acceptable for vaccination, it is necessary to analyse oocyst production in feces of cats by feeding tissue cysts of Mic1-3KO to cats.
Antibodies to T. gondii in sera were detected in all Mic1-3KO vaccinated groups on days 24-28 following inoculation, persisting throughout the experiments. Since T. gondii protective immunity in sheep involves cellular responses [23, 25] , diluted whole blood samples collected three weeks after s.c. inoculation with 10 5 or 2 · 10 6 Mic1-3KO tachyzoites (Exp. 2), were exposed to T. gondii antigen in vitro (data not shown). Increased proliferation of PMBC was seen in a proportion of animals from each vaccinated group (7 of 12 in the group vaccinated with 10 5 tachyzoites; 3 of 11 in the group vaccinated with 2 · 10 6 tachyzoites) with wide variation within each group. These results indicate that a cellular response was stimulated. Ewes with a proliferative response gave birth to viable lambs, except one ewe with a low proliferative response. It would be interesting to do further work to determine if this in vitro test could be a predictive marker of effectiveness.
The immune response as well as the febrile responses observed were sufficient to determine whether immunisation of sheep with Mic1-3KO parasites prior to pregnancy protects against a challenge in mid-gestation with T. gondii oocysts. In three independent experiments and in three different strains of ewes (Romanov, Bizet and Solognot), Mic1-3KO tachyzoites conferred protection against abortion. A higher rate (91%) of viable lambs from vaccinated Bizet ewes compared to the two other strains (62% and 64%) was observed. Further studies are required to establish whether the effectiveness of the vaccine is dependent on the strain of sheep. Congenital transmission of T. gondii has been found to be infrequent in Scottish black ewes persistently infected [35] whereas other studies based on Charolais ewes suggest that persistent infection of sheep by T. gondii may not prevent foetal infection [31, 32, 40] . However, further investigation is needed to assess whether some sheep have a particular genetic susceptibility to T. gondii.
All ewes from the control groups aborted whatever the challenge dose. Vaccinated ewes developed consistently lower febrile responses to challenge than unvaccinated ewes. Lower febrile responses may be used as an indicator of vaccine efficacy [3, 29] . Some ewes in the control groups aborted in the acute phase of infection. These early abortions were shown to occur before the placenta or the fetus had been invaded by T. gondii [33] and were probably due to pyrexia and hormonal regulation [19] . Moreover, after challenge with 400 oocysts, the number of expected lambs was consistently lower in the control groups than in the vaccinated groups suggesting resorption of the fetus. After the lower dose of 100 oocysts, the number of expected lambs was similar in the control and vaccinated groups and only one early abortion was recorded in the control group. The first objective was to assess the efficacy of Mic1-3KO. Hence, a positive control was included consisting of a group of ewes vaccinated s.c. with 10 5 S48 tachyzoites which were shown to provide protection [3] . Under the same experimental conditions, both strains were equally effective regarding the number of viable lambs per ewe and the mean gestation period. These results are similar to those previously obtained by Buxton et al. [3] . A vaccination dose of 10 5 Mic1-3KO tachyzoites is sufficient to induce a protective immune response versus a vaccination dose of 2 · 10 6 Mic1-3KO parasites. In view of the natural penetration of the intestinal tract by T. gondii, induction of both systemic and mucosal immune responses would be of interest. The feasibility of accessing the mucosal immune system via the serosa by administration of an intraperitoneal antigen has been explored with a Salmonella typhimurium vaccine [21, 22] . Solognot ewes vaccinated with 10 5 Mic1-3KO parasites by the i.p. route developed a febrile response of longer duration than ewes vaccinated by the s.c. route and had a higher level of anti-T. gondii antibodies on days 28 and 55 than the s.c. group. These results suggest a higher immunogenicity by the i.p. route than the s.c. route. However, the increased protection against abortion provided by the i.p. route versus the s.c. route was not found to be significant. We did not analyze the mucosal immune response. Meat is the major source of T. gondii infection in humans [28] , thus, a vaccine against T. gondii should prevent the formation of tissue cysts in mutton or lamb. After challenge at mid gestation with 100 oocysts, no cysts (less than 25 cysts) were detected in the brain of viable lambs born to i.p. vaccinated ewes and cysts were only detected in one viable lamb born to s.c. vaccinated ewes. These preliminary results are encouraging, and the i.p. route may be more effective than the s.c. route. Furthermore, a repeated vaccination, whatever the route could be more effective.
Mic1-3KO tachyzoites may induce lifelong immunity as described for natural infection. The duration of immunity in sheep as well as the efficacy against challenge are still to be studied.
